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The reduction of acetate ester synthesis by aeration and the addition of unsaturated fatty acids to the
medium has been reported to be the result of the reduction in alcohol acetyltransferase (AATase) activity
induced by inhibition of this enzyme. However, regulation of the AATase gene ATF1 has not been reported. In
this study, ATF1 gene expression was studied by Northern analysis, and the results showed that the ATF1 gene
was repressed both by aeration and by unsaturated fatty acids. The results also showed that the reduction of
AATase activity is closely related to the degree of repression of ATF1 mRNA, which suggested that the gene
repression is the primary means of reducing AATase activity in vivo. Using the Escherichia coli lacZ gene as a
reporter gene, it was shown that a 150-bp fragment of the 5* flanking sequence played a major role in the
repression by aeration and unsaturated fatty acid addition.

The control of flavor is one of the most important factors in
producing a constant-quality beverage. Acetate esters, such as
isoamyl acetate (banana-like aroma) and ethyl acetate (sol-
vent-like aroma), have long been recognized as important fla-
vor determinants in beers, being present at or near their sen-
sory thresholds (7). During fermentation, acetate esters are
formed by the action of the yeast Saccharomyces cerevisiae, but
the regulation mechanism of acetate ester synthesis has not yet
been completely clarified.
One of the most interesting features of acetate ester synthe-

sis by S. cerevisiae is that the production of acetate esters is
greatly reduced by aeration or the addition of unsaturated fatty
acids to the medium, although the production of higher alco-
hols, which are the precursor of acetate esters, was not (15, 17,
23, 26). Very low levels of equivalent acetate esters are pro-
duced under highly aerobic conditions. Because aeration is a
very effective method to accelerate yeast cell growth and fer-
mentation (24), it is very useful to clarify the mechanism of this
dramatic reduction in acetate esters for the production of
alcoholic beverages.
Alcohol acetyltransferase (AATase, EC 2.3.1.84), which syn-

thesizes a variety of acetate esters from alcohols and acetyl
coenzyme A (CoA) (17, 18, 20, 25, 26), has been suggested to
be responsible for this phenomenon. Many studies have shown
that the AATase activity of S. cerevisiae is greatly reduced by
aeration or addition of unsaturated fatty acids (8, 17, 26). In
addition, it has also been reported that the partially purified
AATase is inhibited by unsaturated fatty acids in vitro (20, 25).
These results suggest that the unsaturated fatty acid content of
the membrane is increased by aeration or unsaturated fatty
acid addition, and this causes the inhibition of AATase activity
and the reduction in acetate ester synthesis (26).
However, it has not yet been clarified whether the expression

level of the AATase gene ATF1 is affected by aeration or
unsaturated fatty acids. We have studied the regulation of the
ATF1 gene by Northern analysis. Our results clearly indicated
that expression of the ATF1 gene is greatly reduced by aeration
and by the addition of unsaturated fatty acids. The degree of

reduction in AATase activity and in the level of ATF1 mRNA
were closely related, either by aeration or the addition of
unsaturated fatty acids. In addition, when the ATF1 promoter
was replaced with a constitutive promoter, no reduction of
AATase activity was observed after aeration or the addition of
unsaturated fatty acids.
These results suggest that repression of ATF1 is one of the

primary factors producing the reduction in AATase activity.
The possible mechanism of ATF1 repression is also discussed.

MATERIALS AND METHODS

Strains. S. cerevisiae TD4 (MATa his4-519 ura3-52 leu2-3 leu2-112 trp1 can),
which was confirmed to have one copy of the ATF1 gene by Southern analysis
(data not shown), was used as a wild-type strain.
For the purpose of YEp and YCp plasmid transformation, the atf1::URA3

disruptant of TD4 (9) was used as a host.
S. cerevisiae SH2676 (MATa his4-519 ura3-52 leu2-3 leu2-112 trp), which was a

kind gift of S. Harashima, was used for transformation with the ATF1 promoter-
controlled lacZ gene.
E. coli DH5 (F2 deoR supE44 hsdR17 recA1 endA1 gyr96 l2 thi-1 relA1) was

used as a host for general plasmid construction.
Culture conditions. Standing cultures and shaking cultures (120 rpm) in 100

ml of YM15 medium (15% dextrose, 1.25% yeast extract, 1.25% malt extract)
contained in 500-ml flasks were used to produce the “minimally aerobic” and
“highly aerobic” cultures. SD15 medium (15% dextrose, 0.5% ammonium sul-
fate, 0.17% yeast nitrogen base without amino acids and ammonium sulfate
[Difco]) supplemented with amino acids was used as the selective medium.
To investigate ATF1 gene expression during fermentation, the evolution of

both AATase activity and that of ATF1 mRNA were compared. Yeast cells
grown under minimally aerobic or highly aerobic conditions were harvested every
12 h. AATase activity was assayed, and the level of ATF1 mRNA was estimated
by Northern analysis.
A short time course assay to compare the decreases in AATase activity and in

the level of ATF1 mRNA over time was carried out with cells at the start of
logarithmic phase (9 h) which had been grown under minimally aerobic condi-
tions and then transferred to highly aerobic conditions or to minimally aerobic
conditions with addition of unsaturated fatty acids (1.0 mM sodium salt). The
cells were harvested and washed with sterile distilled water and then divided into
two aliquots and stored at 2808C until required. One aliquot was used for the
AATase assay, and the other was used for Northern analysis.
Plasmid construction. The constitutive ATF1 expression vector was con-

structed as follows. The NruI-NruI fragment of YATL1, which has the ATF1
coding region, was cloned into pBluescriptII KS1 (Stratagene). Using Exonu-
clease III (Takara), the 59 upstream region of the ATF1 gene was deleted.
The fragment with the ATF1 open reading frame, the 26-bp upstream region,
and the terminator was cloned into the YCp plasmid pRS415 (Stratagene)
under the control of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH
[14]) promoter.
The hybrid ATF1 upstream promoter elements and CYC1 TATA plasmid were
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constructed as follows. The 59 upstream region of the ATF1 gene was amplified
by PCR. The amplified fragment inserted into the XhoI site of the pLG669-Z,
which has the TATA element and the N-terminal encoding region of CYC1 but
not the transcriptional enhancer element (12).
Northern analysis. Total RNA was isolated according to the method of Elion

and Warner (6). RNA samples were denatured in glyoxal-dimethyl sulfoxide and
subjected to electrophoresis in 1.0% agarose with 10 mM phosphate buffer (pH
7.0), with constant buffer circulation. Northern blotting was performed with
GeneScreen Plus (Du Pont) according to the manufacturer’s instructions. The
401-bp ClaI-EcoRI fragment of the ATF1 gene (8) was used as a probe. The
1,140-bp ClaI-XhoI fragment of the ACT1 gene (11) was used as a probe for the
internal marker. Labeling of these fragments was carried out with [a-32P]dCTP
(NEN), using the Megaprime DNA labeling system (Amersham), according to
the manufacturer’s instructions. All experiments were carried out in duplicate
with essentially identical results (standard margin of error was less than 5%).
Enzyme assays. Yeast cell extracts for the AATase assay were prepared as

previously described (8), and AATase activity was determined as described by
Minetoki et al. (20). Yeast cell b-galactosidase assays were performed essentially
as previously described (2). All enzyme assays were carried out in triplicate, with
a standard margin of error less than 3%.
Lipid extraction and analysis. Yeast cells were collected by centrifugation and

washed three times with distilled water. Lipid extracts were prepared by adding
30 ml of chloroform-methanol (1:2) to the frozen cell pellet. The mixture was left
to stand for 30 min at 48C, and subsequently 12 ml of distilled water and 12 ml
of chloroform were added. The extracts were vortexed, and after centrifugation,
the organic phase was collected. The organic phase was dried up by evaporation
and then resuspended in 2 ml of chloroform-methanol (2:1). BHT (2,6-di-t-butyl-
4-methylphenol) was added to the samples and stored at 2208C.
Individual phospholipids were separated by two-dimensional thin-layer-chro-

matography with chloroform–methanol–28% ammonia (65:35:5, by volume) for
development in the first direction and with chloroform-acetone-methanol-acetic
acid-water (50:20:10:10:5, by volume) for the second direction. Lipid spots were
scraped off, and the lipids were esterified for 150 min at 858C with 3 ml of 5%
HCl in methanol. The resultant methyl esters were analyzed with a gas chroma-
tography system (GC-17A; Shimadzu) equipped with a capillary column QUA-
DREX23 (Quadrex) and a hydrogen flame ionization detector. All experiments
were carried out in triplicate, with a standard margin of error less than 3%.

RESULTS

The evolution of AATase activity and ATF1 mRNA under
minimally and highly aerobic conditions. To study the effect of
aeration on ATF1 gene expression during fermentation, we
used a standing culture and a shaking culture as models of
minimally aerobic and highly aerobic cultures, respectively.
The evolution of the AATase activity and that of ATF1mRNA
under these conditions are compared in Fig. 1.
As the yeast cells were precultured in highly aerobic cul-

tures, the level of AATase activity was initially very low in both
cultures. Under minimally aerobic conditions, the degree of
AATase activity increased as the cells grew, and the highest
level of activity was observed at 12 h of culture, when the cells
were in the early logarithmic phase (Fig. 1). At this point, the
AATase activity was approximately equal to fourfold the initial
activity. After this point, the AATase activity decreased, and
when the cells reached stationary phase, the degree of activity
had almost returned to the initial level.
Under highly aerobic conditions, AATase activity was re-

pressed over the entire time course, although cell growth was
almost identical in the two cultures until 12 h of incubation
(Fig. 1B). The activity reached its maximum level, which was
1.6-fold the initial level, after 12 h of culture.
The results of Northern analysis clearly indicated that the

level of ATF1 mRNA increased and decreased in a manner
similar to that of AATase activity. Initially, little ATF1 mRNA
was observed. Under minimally aerobic conditions, the maxi-
mum level of ATF1 mRNA was observed after 12 h of culti-
vation, approximately 33-fold the initial level. Then, it de-
creased gradually to the original level. In addition, the level of
mRNA was greatly reduced under highly aerobic conditions.
These data strongly suggest that the expression of ATF1
mRNA was affected by aeration.
It is reasonable that the repression ratio of the ATF1mRNA

level is greater than that of the AATase activity; this is because
S. cerevisiae cells have a minor (10 to 20%) AATase activity
which differs from the Atf1 protein and is not repressed by
aeration (9).
Short time course assay of AATase activity and ATF1mRNA

production. To study the relationship between the reduction in
the level of ATF1 mRNA and that of the AATase activity in
greater detail, short time course experiments were carried out.
Two yeast cultures were incubated under minimally aerobic

conditions until the cells reached the beginning of log phase (9
h, optical density at 600 nm 5 1.0). At this growth stage (0 h)
(Fig. 2), the AATase activity and the ATF1 mRNA level began
to increase. Then, one of these cultures was transferred to
highly aerobic conditions. The other culture was maintained
under minimally aerobic conditions and was used as a control.
It was clear that under minimally aerobic conditions (control
culture), both the level of AATase activity and the ATF1

FIG. 1. The evolution of AATase activity and ATF1 mRNA by S. cerevisiae
TD4. (A) Open and closed circles represent the degree of AATase activity under
highly and minimally aerobic conditions, respectively. Open and closed squares
represent the relative amount of ATF1 mRNA under highly and minimally
aerobic conditions, respectively. The results of Northern blotting are shown at
the top of the panel. (B) Yeast cell growth under highly (open circles) and
minimally (closed circles) aerobic conditions. OD600, optical density at 600 nm.

VOL. 63, 1997 GENE REGULATION OF S. CEREVISIAE ATF1 911



mRNA level continued to increase during the incubation pe-
riod (Fig. 2).
On the contrary, both AATase activity and the level of ATF1

mRNA began to decrease within 1 h of incubation under highly
aerobic conditions. The low level of activity and that of the
mRNA were maintained during the entire incubation time,
and the maximum difference in the AATase activity and the
ATF1 mRNA level for the two cultures was observed 5 h after
the start of incubation. At that time, AATase activity and the
level of ATF1 mRNA in the highly aerobic culture were re-
duced to 28 and 12% of the control culture values, respectively.
The reductions in AATase activity and ATF1 mRNA level
were shown to have a correlation again; this suggested that the
reduction in AATase activity under highly aerobic conditions
resulted from repression of the ATF1 gene.
To confirm that these reductions in AATase activity and in

the ATF1 mRNA level under highly aerobic conditions were
caused by aeration and not by the mechanical stress of shaking,
nitrogen gas was passed through the shaking culture instead of
air. As we expected, AATase activity and the level of ATF1
mRNA did not decrease but increased after 2 h of shaking
(Fig. 3). This suggests that oxygen is the primary factor repress-
ing ATF1 expression.
It has been reported that the unsaturated fatty acid content

of yeast cells grown under anaerobic conditions is less than that
of yeast cells grown under highly aerobic conditions (15). To
study the fatty acid composition of yeast cells under our con-
ditions, lipid analysis was carried out. Glycerolipids were

extracted from the cells cultured for 9 h under minimally aer-
obic conditions (0 h), 1 h after incubation under highly aerobic
conditions, and 1 h after incubation under minimally aerobic
conditions. The fatty acid compositions of total lipid, phos-
phatidylcholine (PC), and phosphatidylethanolamine (PE)
molecules were determined.
The results suggested that even under minimally aerobic

conditions, unsaturated fatty acids (14:1, 16:1, and 18:1) ac-
counted for almost 72% of total lipids, 80% of PC, and 60% of
PE (Table 1). In addition, little change in fatty acid composi-
tion was observed after 1 h of aeration, even though repression
of ATF1 mRNA was observed (Fig. 2). This suggests that the
unsaturated fatty acid composition of the yeast cell membrane

FIG. 2. Reduction in the levels of AATase activity and ATF1 mRNA by
aeration. Yeast cells were cultured for 9 h under minimally aerobic conditions
and then transferred to highly or minimally aerobic cultures. The results of
Northern blotting are shown at the top of the figure. The amount of mRNA was
determined by using ACT1 mRNA as an internal control. Open and closed
circles represent AATase activity under highly and minimally aerobic conditions,
respectively. Open and closed squares represent the relative amount of ATF1
mRNA under highly and minimally aerobic conditions, respectively.

FIG. 3. The effect of air and nitrogen gas on the level of AATase activity (A)
and ATF1 mRNA (B) in shaking culture. Yeast cells were cultured for 9 h under
minimally aerobic conditions and then transferred either to a highly aerobic
culture or to a shaking culture with nitrogen gas passed through. The two
cultures were incubated for 2 h. (A) AATase activity. Samples (bars): 1, before
cell transfer; 2, highly aerobic culture; 3, shaking culture with nitrogen gas passed
through. (B) The results of Northern blotting are shown at the top of the panel.
The amount of mRNA was determined by using ACT1 mRNA as an internal
control. The sample numbers are as described for panel A.

TABLE 1. Fatty acid composition of yeast cellsa

Lipid Condition Time
(h)

Fatty acid composition (%)

14:0 14:1 16:0 16:1 18:0 18:1 18:2

Total 0 3.1 0.6 20.7 41.5 3.8 30.3 0.0
Minimally aerobic 1 2.9 0.6 22.4 40.2 4.3 29.4 0.0
Highly aerobic 1 2.7 0.6 19.0 41.8 4.0 31.9 0.0
Linoleic acid 1 2.2 0.2 16.3 16.0 3.0 11.1 51.2

PC 0 2.8 0.7 15.2 55.9 2.1 23.3 0.0
Minimally aerobic 1 2.5 0.6 16.9 55.7 2.7 21.6 0.0
Highly aerobic 1 1.9 0.6 13.9 57.5 2.6 23.5 0.0
Linoleic acid 1 1.8 0.3 16.5 26.6 3.2 10.1 41.5

PE 0 1.8 0.0 27.0 36.3 1.2 33.7 0.0
Minimally aerobic 1 1.3 0.0 26.4 34.1 1.6 36.6 0.0
Highly aerobic 1 1.7 0.0 24.4 36.7 1.4 35.8 0.0
Linoleic acid 1 1.4 0.0 31.9 20.8 1.2 15.7 29.0

a Yeast cells were cultured for 9 h under minimally aerobic conditions (0 h)
then transferred to cultures with the indicated conditions for 1 h.
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is not a factor which triggers the reduction of ATF1 mRNA by
aeration.
Effect of unsaturated fatty acids on ATF1 gene expression.

Like aeration, the addition of unsaturated fatty acids to the
medium has been reported to cause a reduction in AATase
activity (17, 26). To confirm that the ATF1 gene was repressed
by unsaturated fatty acids in addition to aeration, a short time
course assay of AATase activity and ATF1 mRNA analysis was
carried out. Two minimally aerobic cultures were incubated for
9 h, and then linoleic acid (18:2) was added to one of these
cultures to a final concentration of 1 mM. Both cultures were
maintained under minimally aerobic conditions during the en-
tire incubation.
Reduction in both the AATase activity and the ATF1 mRNA

level were observed within 1 h of linoleic acid addition, and
these levels were maintained during the incubation (Fig. 4).
The maximum difference for the two cultures was observed 5 h
after the addition of unsaturated fatty acids (approximately
58% of that of the control). The maximum difference in the
level of ATF1 mRNA was observed 3 h after unsaturated fatty
acid addition. The level of mRNA produced by the ATF1 gene
in the presence of unsaturated fatty acids was about 26% of
that of the control cells after 5 h of incubation. The reduction
in AATase activity and in the level of ATF1 mRNA did not
result from cell growth inhibition, because yeast cell growth

was not affected by the presence of unsaturated fatty acids in
this experiment (data not shown).
Lipid analysis suggested that under these conditions, linoleic

acid was efficiently incorporated into the yeast cell membrane.
After 1 h, the linoleic acid accounted for 51% of the total
lipids, 42% of PC, and 29% of PE (Table 1). The level of other
unsaturated fatty acids (16:1 and 18:1) was drastically reduced
(45% in total lipids); this was caused by the repression of the
D-9 desaturase gene OLE1, as previously reported (3, 19), but
the decrease of saturated fatty acids was small (5% in total
lipids).
To determine which fatty acids repress ATF1 expression,

several types of fatty acids were added to minimally aerobic
cultures, and the levels of ATF1 mRNA were determined.
A similar repression of ATF1 mRNA was observed with

oleic acid (18:1) and linolenic acid (18:3) but was not observed
with stearic acid (18:0). The ATF1 mRNA levels in cells grown
with oleic acid, linoleic acid, and linolenic acid were 26, 12, and
13% of that of the control cells, respectively (Fig. 5). This
suggests that only unsaturated fatty acids repress ATF1 gene
expression and that saturated fatty acids have no effect.
Expression of the ATF1 gene with a constitutive promoter.

The results presented above strongly suggest that the repres-
sion of the ATF1 gene is one of the primary factors in the
reduction of AATase activity. In order to clarify whether
AATase is regulated by posttranscriptional modification in
vivo, we constructed a YCp plasmid which expressed the
ATF1 gene constitutively from the GAPDH promoter. The
atf1::URA3 disruptant was transformed with this plasmid,
and the levels of AATase activity of the transformants were
measured under minimally aerobic and highly aerobic condi-

FIG. 4. Reduction in the levels of AATase activity and ATF1 mRNA by
unsaturated fatty acid addition. Yeast cells were cultured for 9 h under minimally
aerobic conditions and then transferred to minimally aerobic cultures with or
without 1 mM sodium linoleic acid. The results of Northern blotting are shown
at the top of the figure. The amount of mRNA was determined by using ACT1
mRNA as an internal control. Open and closed circles represent the level of
AATase activity in the presence and in the absence of 1 mM sodium linoleic acid,
respectively. Open and closed squares represent the relative amount of ATF1
mRNA activity with and without 1 mM sodium linoleic acid, respectively.

FIG. 5. Reduction in the level of ATF1 mRNA by various fatty acid addition.
Yeast cells were cultured for 9 h under minimally aerobic conditions and then
transferred to minimally aerobic cultures with 1 mM fatty acid and incubated for
3 h. The results of Northern blotting are shown at the top of the figure. The
amount of mRNA was determined by using ACT1 mRNA as an internal control.
Samples (bars): 1, before cell transfer; 2, minimally aerobic conditions; 3, min-
imally aerobic conditions with 1 mM stearic acid; 4, minimally aerobic conditions
with 1 mM oleic acid; 5, minimally aerobic conditions with 1 mM linoleic acid; 6,
minimally aerobic conditions with 1 mM linolenic acid.

VOL. 63, 1997 GENE REGULATION OF S. CEREVISIAE ATF1 913



tions and under conditions in which unsaturated fatty acids
were present. As a control, the atf1::URA3 disruptant with the
YEp plasmid which expresses the ATF1 gene from the native
promoter was used. Each culture was incubated for 9 h under
minimally aerobic conditions and then switched to the appro-
priate conditions and incubated for 3 h.
Northern analysis clearly showed that the level of ATF1

mRNA was not reduced either by aeration or by the addition
of unsaturated fatty acids when the ATF1 gene was driven by
the GAPDH promoter. In addition, the level of AATase ac-
tivity was kept almost the same under highly aerobic conditions
and under conditions in which unsaturated fatty acids were
present (Fig. 6). In the case of the native promoter, the
AATase activities of the highly aerobic culture and of the
culture in which unsaturated fatty acids were present were 18
and 43% of that of the control, respectively. These results
suggest that repression of the ATF1 gene is the primary factor
in the reduction of AATase activity by aeration and unsatur-
ated fatty acid addition.
lacZ expression driven by the ATF1 promoter. In our previ-

ous work, we found that Saccharomyces carlsbergensis has an-
other type of ATF1 gene (Lg-ATF1) which was repressed as
well as the ATF1 gene by aeration and by unsaturated fatty
acids (10). The sequence comparison of the ATF1 and the
Lg-ATF1 gene suggested that only a limited region of the 59
flanking region (2196 to260) seems to be homologous (77%).
To determine whether this homologous 59 flanking region

was responsible for repression of the ATF1 gene, an experi-
ment using the E. coli lacZ gene as a reporter was carried out.
The plasmid pLG669-Z was used for this purpose. This plas-
mid has the TATA element and the N-terminal encoding re-
gion of CYC1 fused to the E. coli lacZ gene. The upstream
region (2200 to 250) of the ATF1 gene was amplified by PCR
and inserted into the XhoI site of pLG669-Z.
The b-galactosidase activity of the ATF1-CYC1 hybrid plas-

mid shows much greater activity under minimally aerobic con-
ditions than the vector without the ATF1 59 sequence. The
activity was strongly repressed under both highly aerobic con-
ditions and conditions in which unsaturated fatty acids were
present (Table 2). This result suggests that the repression of

the ATF1 gene by aeration and unsaturated fatty acids oc-
curred by transcriptional control and that the 150-bp upstream
sequence had an important role in these repression systems.

DISCUSSION

The reduction of AATase activity by aeration or by unsat-
urated fatty acids has been of interest for many years (17, 20,
26). Because it has been well known that oxygen is necessary
for the synthesis of unsaturated fatty acids in S. cerevisiae (1),
aeration and unsaturated fatty acids have been speculated to
reduce the AATase activity by the same mechanism. Previous
reports have also suggested that AATase was inhibited by high
concentrations (2 mM) of unsaturated fatty acids in vitro (20,
25). However, because unsaturated fatty acids act as a surfac-
tant and are able to inactivate many enzymes in vitro (21), it is
possible that the reduction mechanism in vivo is different.
Malcorps and Dufour (17) have suggested that gene repression
might be related to the reduction of AATase activity, but
molecular analysis was not carried out.
In this report, we have described the regulation of the ATF1

gene by aeration and unsaturated fatty acids. The Northern
analysis data clearly indicated that expression of the ATF1
gene is regulated by aeration. The increase and decrease in the
level of AATase activity under minimally aerobic conditions
were very similar to the changes observed for ATF1 mRNA.
The results of the short time course experiments suggested

that the reduction in AATase activity produced by aeration
occurred within 1 h of cultivation. Again, the repression in the
level of ATF1 mRNA was closely related to that of the level of
AATase activity. Similar results were obtained when unsatur-
ated fatty acids were added to the culture instead of aeration.
No reduction in AATase activity or in the level of ATF1
mRNA was observed when nitrogen gas was passed through
the culture instead of air.
When the promoter of the ATF1 gene was replaced with the

constitutive GAPDH promoter, both AATase activity and the
ATF1 mRNA level were unaffected by aeration or unsaturated
fatty acids. The experiments using the lacZ reporter gene sug-
gested that repression by aeration and unsaturated fatty acids
was controlled at the transcriptional level. The results of this
experiment suggested that the 150-bp 59 flanking sequence
(250 to 2200) might have an important role in both types of
regulation. These results suggest that the repression of the
ATF1 gene is one of the most important factors causing the
reduction of AATase activity in vivo.
Although the biological function of the ATF1 gene has not

been clarified, our results make it easy to speculate that it has
some relationship with unsaturated fatty acid metabolism. In-
terestingly, theOLE1 gene of S. cerevisiae, which encodes a D-9
acyl-CoA desaturase and has a major role in unsaturated fatty
acid synthesis in yeast cells (22), has been reported to be
transcriptionally repressed by unsaturated fatty acids (3, 19).
TheOLE1 gene is repressed not only by unsaturated fatty acids

FIG. 6. Comparison of the levels of ATF1 mRNA and AATase activity ex-
pressed from the ATF1 and GAPDH promoters. Yeast cells were cultured for 9 h
under minimally aerobic conditions and then transferred to cultures with the
indicated conditions and incubated for 3 h. The amount of mRNA was deter-
mined by using ACT1 mRNA as an internal control.

TABLE 2. b-Galactosidase activity driven by 59 flanking sequence
of ATF1

Plasmid

Activity (U) under condition:

Minimally
aerobic

Highly
aerobic

11 mM
linoleic
acid

ATF1 197 (1.0) 18 (0.09) 9 (0.05)
pLG669-8 ,1 ,1 ,1
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which occur naturally in the natural yeast membranes (16:1
and 18:1) but also by unsaturated fatty acids which do not
occur naturally in the yeast membrane (18:2 and 18:3). Our
data indicated that the ATF1 gene was also repressed by the
18:1, 18:2, and 18:3 unsaturated fatty acids to a similar degree.
It is possible that a common transcriptional repressor is re-
sponsible for unsaturated fatty acid repression of both the
ATF1 gene and the OLE1 gene.
Gene regulation by fatty acids has been reported not only for

yeast but also for bacteria (13) and mammalian cells (5, 16). In
E. coli, fatty acid has to be converted to an acyl-CoA derivative
in order to repress the fabA gene (13). An important issued to
be resolved is which molecule acts as a sensor in ATF1 gene
regulation by unsaturated fatty acids.
Our Northern analysis results suggest that repression of the

ATF1 gene by unsaturated fatty acids is similar to that caused
by aeration. Both types of repression occurred within 1 h of
treatment. However, it is not clear whether the ATF1 gene has
a sensor common to both factors. Lipid analysis data showed
that only minor changes were observed in the fatty acid com-
position of the yeast cell 1 h after aeration, suggesting that
change in fatty acid composition is not a necessary factor in
ATF1 gene repression by aeration.
Many genes are known to be regulated by oxygen using

heme as a regulation signal (27). Interestingly, a recent study
suggested that the expression level, but not unsaturated fatty
acid repression, of the OLE1 gene was affected by the presence
of the HAP1 gene, which is a regulator of the heme-related
genes (4). Aeration may therefore possibly repress the ATF1
gene by using a sensor, such as heme, which is different from
that used by unsaturated fatty acids.
In conclusion, our work suggests that ATF1 is a good model

to study the regulation of the yeast system by aeration and
unsaturated fatty acids. Further study of ATF1 gene regulation
will also provide us with a new means of counteracting the
effects of aeration and unsaturated fatty acid addition on ace-
tate ester production during fermentation by the application of
genetic engineering or classical mutation methods.

REFERENCES

1. Andersen, A. A., and T. J. B. Stier. 1953. Anaerobic nutrition of Saccharo-
myces cerevisiae. I. Ergosterol requirement for growth in a defined medium.
J. Cell. Comp. Physiol. 41:23–26.

2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl. 1987. Current Protocols in Molecular Biology. John
Wiley & Sons, New York, N.Y.

3. Bossie, M. A., and C. E. Martin. 1989. Nutritional regulation of yeast D-9
fatty acid desaturase activity. J. Bacteriol. 171:6409–6413.

4. Choi, J.-H., J. Stukey, S.-Y. Hwang, and C. E. Martin. 1996. Regulatory
elements that control transcription activation and unsaturated fatty acid-
mediated repression of the Saccharomyces cerevisiae OLE1 gene. J. Biol.
Chem. 271:3581–3589.

5. Distel, R. J., G. S. Robinsons, and B. M. Spiegelman. 1992. Fatty acid

regulation of gene expression—transcriptional and post-transcriptional mecha-
nisms. J. Biol. Chem. 267:5937–5941.

6. Elion, E. A., and J. R. Warner. 1984. The major promoter element of rRNA
transcription in yeast lies 2kb upstream. Cell 39:663–673.

7. Engan, S. 1986. Brewing science, p. 93–165. Academic Press, London, En-
gland.

8. Fujii, T., N. Nagasawa, A. Iwamatsu, T. Bogaki, Y. Tamai, and M. Hamachi.
1994. Molecular cloning, sequence analysis, and expression of the yeast
alcohol acetyltransferase gene. Appl. Environ. Microbiol. 60:2786–2792.

9. Fujii, T., H. Yoshimoto, and Y. Tamai. 1996. Acetate ester production by
Saccharomyces cerevisiae lacking the ATF1 gene encoding the alcohol acetyl-
transferase. J. Ferment. Bioeng. 81:540–544.

10. Fujii, T., H. Yoshimoto, N. Nagasawa, T. Bogaki, Y. Tamai, and M. Hama-
chi. 1996. Nucleotide sequences of alcohol acetyltransferase genes from
lager brewing yeast, Saccharomyces carlsbergensis. Yeast 12:593–598.

11. Gallwitz, D., and I. Sures. 1980. Structure of a split yeast gene: complete
nucleotide sequence of the actin gene in Saccharomyces cerevisiae. Proc.
Natl. Acad. Sci. USA 77:2546–2550.

12. Guarente, L., and M. Ptashne. 1981. Fusion of Escherichia coli lacZ to the
cytochrome c gene of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA
78:2199–2203.

13. Henry, M. H., and J. E. Cronan, Jr. 1992. A new mechanism of transcrip-
tional regulation: release of an activator triggered by small molecule binding.
Cell 70:671–679.

14. Holland, J. P., and M. J. Holland. 1979. The primary structure of glyceral-
dehyde-3-phosphate dehydrogenase gene from Saccharomyces cerevisiae.
J. Biol. Chem. 254:9839–9845.

15. Ishikawa, T., and K. Yoshizawa. 1979. Effects of cellular fatty acids on the
formation of flavor esters by Sake yeast. Agric. Biol. Chem. 43:45–53.

16. Jump, D. B., S. D. Clarke, O. MacDougald, and A. Thelen. 1993. Polyunsat-
urated fatty acids inhibit S14 gene transcription in rat liver and cultured
hepatocytes. Proc. Natl. Acad. Sci. USA 90:8454–8458.

17. Malcorps, P., J. M. Cheval, S. Jamil, and J. P. Dufour. 1991. A new model
for the regulation of ester synthesis by alcohol acetyltransferase in Saccha-
romyces cerevisiae during fermentation. J. Am. Soc. Brewing Chemists 49:
47–53.

18. Malcorps, P., and J. P. Dufour. 1992. Short-chain and medium-chain ali-
phatic-ester synthesis in Saccharomyces cerevisiae. Eur. J. Biochem. 210:
1015–1022.

19. McDonough, V. M., J. E. Stukey, and C. E. Martin. 1992. Specificity of
unsaturated fatty acid-regulated expression of the Saccharomyces cerevisiae
OLE1 gene. J. Biol. Chem. 267:5931–5936.

20. Minetoki, T., T. Bogaki, A. Iwamatsu, T. Fujii, and M. Hamachi. 1993. The
purification, properties and internal peptide sequences of alcohol acetyl-
transferase from Saccharomyces cerevisiae kyokai No. 7. Biosci. Biotech.
Biochem. 57:2094–2098.

21. Pande, S. V., and J. F. Mead. 1968. Inhibition of enzyme activities by free
fatty acids. J. Biol. Chem. 243:6180–6185.

22. Stukey, J. E., V. M. McDonough, and C. E. Martin. 1989. Isolation and
characterization of OLE1, a gene affecting fatty acid desaturation from
Saccharomyces cerevisiae. J. Biol. Chem. 264:16537–16544.

23. Thurston, P. A., D. E. Quain, and R. S. Tubb. 1982. Lipid metabolism and
the regulation of volatile ester synthesis in Saccharomyces cerevisiae. J. Inst.
Brewing 88:90–94.

24. Wilson, R. J. H. 1978. The influence of oxygen on fermentation and storage.
Eur. Brew. Convention Symp. 5:17–27.

25. Yoshioka, K., and H. Hashimoto. 1981. Ester formation by alcohol acetyl-
transferase from brewers’ yeast. Agric. Biol. Chem. 45:2183–2190.

26. Yoshioka, K., and H. Hashimoto. 1983. Cellular fatty acid and ester forma-
tion by brewers’ yeast. Agric. Biol. Chem. 47:2287–2294.

27. Zitomer, R. S., and C. V. Lowry. 1992. Regulation of gene expression by
oxygen in Saccharomyces cerevisiae. Microbiol. Rev. 56:1–11.

VOL. 63, 1997 GENE REGULATION OF S. CEREVISIAE ATF1 915


